Summary 1. Effects of caffeine on tension in the dog papillary muscle were investigated using a voltage clamp with the double sucrose-gap method.
It is known that in the myocardium, the magnitude of developed tension depends on the duration and amplitude of membrane depolarization and also on the inward calcium current during depolarization. The relationship between membrane potential and tension development has been investigated in mammalian heart muscle using the voltage clamp technique (FOZZARD and HELLAM, 1968; MORAD and TRAUTWEIN, 1968; BEELER and REUTER, 1970b; GIBBONS and FOZZARD, 1971; OCHI and TRAUTWEIN, 1971 ) and on the frog heart muscle (GOTO et al., 1971; MORAD and ORKAND, 1971; VASSORT and ROUGIER, 1972) .
These observations on the mammalian myocardium suggested that a release of calcium from an intracellular store has an important role for the development of tension in addition to the inward calcium current. On the other hand, GOTO et al. (1971) and MORAD and ORKAND (1971) suggested that the sarcoplasmic reticulum has a function of calcium uptake, even during depolarization, causing a relaxation of tension. However, evidence has not been obtained to explain all the processes of excitation-contraction coupling (E-C coupling) in the mammalian cardiac muscle.
Caffeine is known as a potentiator for contraction in many mammalian cardiac muscles. The effect is due to a release of Ca ions from the sarcoplasmic reticulum (LUTTGAU, 1970) . It is also reported that caffeine reduces the Ca uptake by the sarcoplasmic reticulum at a high concentration in the skeletal muscle (HERZ and WEBER, 1965; WEBER and HERZ, 1968; TANIGUCHI and NAGAI, 1970) and in the cardiac muscle (KIMOTO, 1972) .
The aim of the present paper is to differentiate the roles of calcium current and calcium release from the store in initiating contraction. For this purpose, the voltage clamp experiments were performed on isolated dog heart muscle by using the double sucrose-gap method and effects of caffeine were mainly investigated.
METHODS
Papillary muscles, 4-6 mm in length and less than 1.5 mm in diameter, excised from right ventricles of dogs weighing 2-3 kg were used. The chamber in which the preparation was mounted was modified from that described by BERGER and BARR (1969) The tendinous end of papillary muscle was tied with a thread and attached to a strain gauge (Shinkoh Co.) for measurements of tension, and the other end was fixed. In most cases, the tension was measured at a final pulse of a series of six successive depolarizing clamp pulses (see Fig. 1, arrow) , since at this stage the magnitude of tension produced by any given depolarization became steady. A train of depolarizing clamp pulses was applied at about 0.2 c/s.
Tyrode solution (pH 7.2-7.5) had the following composition in mM/liter: Na+, 152; K+, 2.68; Ca2+, 1.8; Mg2+, 0.49; 11.9; 3.3; 141.77; and glucose, 5.5 , and was equilibrated with 5 % CO2 in 02. Caffeine was simply added to Tyrode solution at a concentration of 10 mm/liter. Low and high calcium solutions contained 0.9 mm Ca and 3.6 mm Ca, respectively.
RESULTS

Membrane potential and tension development in Tyrode solution
When depolarizing pulses were applied under the voltage clamp condition, tension developments were dependent not only on the magnitude and duration of pulse, but also on the number and frequency of preceding pulses. Figure 1A shows an example of simultaneous records of current, potential, and mechanical response in Tyrode solution. The tension developments were greatly increased during the first 4-5 successive identical clamp pulses (+40 mV, 1-sec duration) given at 0.25 c/s, and then reached a steady state, as observed by BEELER and REUTER (1970b) . This staircase phenomenon was not accompanied by any appreciable change in the membrane current. The tension response elicited by an action potential after the sixth voltage clamp pulse, which was evoked by a 5-msec current pulse, still remained markedly potentiated, and returned to the steady state of the control size after 4-5 twitches. In the following experiments, the tension was always measured at the steady state condition. Figure 2A shows mechanical responses produced by an action potential (a) and also by depolarizing pulses of various amplitudes under the voltage clamp in Tyrode solution (b-e). A small tension was developed when the membrane was clamped at about -40 mV, but this was much smaller than that elicited by the action potential. The tension response increased with increasing depolarization. A marked increase in tension was observed when the inside potential became positive (d). The increase in tension was accompanied by an increased rate of rise, but the duration of contraction remained nearly the same. Even when depolarization was maintained at a constant level tension was decreased to a very low level, and in some preparations nearly a complete relaxation occurred.
In a few preparations, oscillatory tension changes were observed during the relaxation phase when depolarization was large enough to make the membrane potential inside positive, and a pulse duration was prolonged for more than 2 sec (Fig. 3A) . The oscillatory response may be caused by a mechanism similar A B Fig to that proposed for the response observed in skinned fibers of the frog skeletal muscle in response to Ca (10_6 M) or caffeine (0.2-1 mM) application (ENDO et al., 1970) . The relationship between membrane potential and relative magnitude of the steady state peak tension under the voltage clamp is shown in Fig. 4 . The tension steeply developed with increasing depolarization between 0 and + 50 mV. When the inside potential became positive, the driving force for Ca ion would be reduced, and thus the inward Ca current should also be decreased (BEELER and REUTER, 1970a; OCHI, 1970) . Therefore, another mechanism, besides the inward Ca cur-rent, seems to be responsible for the large increase in tension caused by strong depolarization.
This mechanism could be a release of Ca from the sarcoplasmic reticulum (SR). Tension development in caffeine solution When caffeine (10 mM) was administered, the tension of the dog myocardium elicited by an action potential was only transiently increased, and then reduced to a much lower level than the control level. The potentiation was dominant at concentrations less than 10 mM of caffeine, but the suppression became larger with increasing concentrations of caffeine beyond 10 mM. In the following experiments, 10 mM caffeine was used throughout.
In Fig. 5 , changes in tension development after an administration of , caffeine (10 mM) in response to a given depolarization (+28 mV) are shown under the voltage clamp condition. The rate of relaxation was immediately reduced and a plateau was formed in the tension response during depolarization. The (Fig. 1 A) was completely abolished by caffeine. The tension response elicited by the first action potential after the voltage clamp was not much different from the response before the clamp.
The magnitude of tension elicited by an action potential in 10-mM caffeine solution was much smaller than in normal Tyrode solution (Fig. 2a, A and B) , although the amplitude and duration of the action potential were almost the same. Figure 2B also shows changes in tension obtained by various depolarizations under voltage clamp in caffeine solution 30 min after the administration. The responses were obtained under the steady state condition, i.e., at the sixth pulse. In caffeine solution, contractions obtained with the voltage clamp experiment (Fig. 2B , b-e) were very slow and the magnitude of tension response was greatly reduced, particularly in response to inside positive potentials. The relaxation was suppressed during depolarization, and a complete relaxation occurred only after repolarization of the membrane (Fig. 2B, d, e and Fig. 3B ).
An example of the relationship between membrane potential and peak tension in caffeine solution is illustrated in Fig. 4 . The large increase in tension which appeared with inside positive potentials in Tyrode solution was markedly reduced, although at inside negative potential range, the reduction of tension by caffeine was rather small. In this particular preparation, tension responses to pulses between -20 mV and +10 mV were more or less the same after a treat-ment with caffeine, but in other preparations the responses were also reduced in this potential range.
Effects of caffeine on the after-inotropic action of depolarization Tension responses were observed by applying six voltage clamp pulses at a frequency of 0.2 c/s. The clamp was released 1 sec after the sixth clamp pulse, and 1 sec later the action potential was elicited (see Fig. 1 ). Examples of such responses in normal Tyrode (A) and in caffeine solution (B) are shown in Fig. 6 . of the inactivation process of the Ca conductance has been reported to be 40-700 msec by BEELER and REUTER (1970a) . Since the time interval between the last voltage clamp pulse and the onset of action potential was 4 sec, the inactivation process for the Ca conductance would have completely terminated before the initiation of action potential. Thus, the amount of Ca ions which crossed the membrane into the myoplasm during these action potentials is considered to be the same as that of control. Fig. 7 . Relationship between membrane potential (abscissa) and peak tension (ordinate) under steady condition observed at the sixth voltage clamp pulse in Tyrode solution containing 1.8 mM (circles), 3.6 mM (squares) and 0.9 mM Ca (triangles). Tensions are expressed as percentage of the maximum response in normal Tyrode solution.
In caffeine solution, on the contrary, tension responses caused by the action potential, under the same conditions as described above, were almost the same in magnitude and time course (Fig. 6B) . The action potential was not apparently affected by caffeine. Tension responses produced by the sixth pulse increased with increasing depolarization in caffeine solution, as in normal Tyrode solution, although the increase in tension was smaller in the caffeine-treated preparation (Fig. 6B) .
Effects of external Ca ions on the tension response Figure 7 illustrates effects of the external Ca concentration on the relationship between membrane potential and tension response. The peak tension elicited by the sixth depolarizing pulse was plotted. When the external Ca concentration was increased to 3.6 mM the curve shifted towards larger tension and lower membrane potential. On the other hand, a decrease in the external Ca concentration to 0.9 mM had the opposite effect. In low Ca solution, the threshold depolarization for contraction was near 0 mV. The peak tension increased steeply up to +40 mV, but the magnitude of tension was very small, compared with that in normal Ca solution.
DISCUSSION
Potentiation of mechanical response in the myocardium by caffeine has been explained by the hypothesis that methylxanthine derivatives including caffeine have two effects on the E-C coupling : an inhibition of Ca sequestration by the SR and an increase in Ca influx through the surface membrane (BLINKS et al., 1972; KIMOTO, 1972) . SHINE and LANGER (1971) observed, in the rabbit papillary muscle, that 20 mM of caffeine shortened the time to peak tension as well as the action potential without affecting the resting potential. In the guinea pig atrial muscle, KIMOTO (1972) reported the prolongation of action potential by caffeine (3-50 mM). However, the present experiments show that the action potential is almost the same in time course and amplitude. Furthermore, the slow inward current measured with the voltage clamp method is unchanged by caffeine (10 mM), although the peak tension is greatly reduced, particularly at inside positive potentials.
Caffeine probably suppresses the uptake of Ca by the SR, as generally supposed. This results in an increase in intracellular Ca concentration. On the other hand, this would lead to a depletion of a releasable Ca in the SR, and then a smaller amount of Ca would be released by a given amplitude of depolarization. This may be a similar situation to that observed in the crab muscle fiber pretreated with 40 mM potassium or 0.5 mM caffeine which cannot respond to higher concentration of these agents (ASHLEY et al., 1972) . It is possible that after a caffeine treatment, the intracellular Ca concentration in the cardiac muscle is maintained at a low level by sequestration into some other intracellular structures which do not release Ca on depolarization, and by the active Ca-pump.
The staircase phenomenon observed in a normal Tyrode solution has been explained by the idea that Ca entering into myoplasm during depolarization is taken up by the SR and increases the amount of Ca available for release by a subsequent depolarization (BEELER and REUTER, 1970b) . Abolition of this phenomenon by caffeine can also be explained by an inhibition of Ca uptake by SR in caffeine solution. In the caffeine-treated fiber, the tension response is probably caused mainly by Ca crossing the surface membrane during depolarization.
Relaxation occurs during depolarization under the voltage clamp in Tyrode solution, whereas in caffeine solution the rate of relaxation is greatly reduced, producing sustained tension response during depolarization. These results support the view that caffeine inhibits the Ca uptake by SR.
Another possible mechanism for the reduction of tension response by a high concentration of caffeine may be release process of Ca from the SR activated by depolarization is suppressed by caffeine acting directly on the SR. The release mechanism may also be inactivated due to a small increase in free intracellular Ca concentration resulting from an inhibition of the uptake of Ca with caffeine.
It is possible that with small depolarization the inward Ca current may play an important role in contraction, but that in the response caused by a large depolarization a contribution of Ca released from the SR becomes dominant. This may account for the fact that the effects of caffeine on tension response are larger with stronger depolarization, since caffeine may not affect the inward Ca current, but reduce the release of Ca from the SR.
In the frog ventricle, a large depolarization maintains tension for the duration of depolarization, and the contraction seems directly controlled by the electrical activity of the surface membrane (MORAD and ORKAND, 1971; GOTO et al., 1971) . Thus, Ca ions crossing the membrane from the external solution are probably a main source for contraction in the frog ventricle, which has poorly developed SR. On the other hand, in the dog ventricle, which has fairly well developed SR (Som-MER and JOHNSON, 1968) , it is likely that the inward Ca current as well as the Ca released from the SR are both utilized for contraction.
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